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Abstract. TOA-based trilateration constitutes an interesting choice to locate 
terminals employing WLAN networks. A major limitation of this technique is 
the requirement for hardware modifications in the WLAN device in order to 
achieve accurate ranging. This paper presents an approach that overcomes this 
limitation. It is based on RTT measurements performed through time-stamping 
the transmission and reception of IEEE 802.11 MAC frames from the WLAN 
driver’s code, employing the CPU clock as time-base. Some statistical process-
ing is needed in order to mitigate the noise of the measurements. This paper 
presents experimental results obtained with a prototype showing ranging errors 
of a few meters when applied to estimate distances up to 25 meters in both in-
door and outdoor environments. 
Keywords: IEEE 802.11, WLAN location, positioning, ranging, RTT, Time of 
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1   Introduction 
1.1   TOA-Based Positioning in WLAN 
Using deployed wireless communications infrastructures (e.g. IEEE 802.11, UWB, Blue-
tooth) for implementing location techniques offers advantages in terms of cost-efficiency, 
device-openness (i.e. non-proprietary devices compliant with the communication stan-
dard can be localized), service modularity and synergies (i.e. the infrastructure can also 
support communication services), while essential requirements for many location-based 
applications, such as good accuracy, availability and reliability, can likewise be reached. 
Location solutions employing IEEE 802.11 networks have become popular due to their 
deployment in many buildings, the maturity of the standard and the excellent relationship 
between coverage and needed infrastructure. In addition, current trends such as the inclu-
sion of positioning capabilities in the upcoming IEEE 802.11v standard [1] and the in-
creasing need for indoor locations show that location with WLAN is expected to continue 
playing a crucial role in positioning. Most of the existing WLAN-based location propos-
als are based on signal strength fingerprinting [2, 3, 4, 5]. They can achieve good  
positioning accuracy and are easily implementable, but the time-consuming offline train-
ing phase needed to construct the radio map database and the accuracy degradation 
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Fig. 1. Trilateration as intersection of circles 
when environmental changes occur (e.g. furniture, people, temperature, engines, and 
so on) limit the suitability for certain applications. The alternative to overcome these 
limitations is trilateration-based positioning [6, 7]. With this method, the process of 
calculating the position of a mobile terminal (MT) can be summarized as follows: 
first, the distances between the MT and several reference points - Access Points (APs) 
in the case of WLAN - are calculated; then a trilateration [6] or tracking algorithm [7] 
takes as inputs the distance estimates and the known coordinates of the APs to calcu-
late the MT’s position. For 2D location, each geometrically obtained distance between 
the MT and an AP provides a circle centered at this AP (a sphere in 3D), on which the 
target device must lie. By using at least three APs, the MT’s position in 2D can be 
obtained as shown in Fig. 1 [8]. In this figure d1, d2 and d3 represent the three neces-
sary distances. 
This paper deals with the key step of trilateration-based location methods for 
WLAN: the distance calculation – known as ranging – between the MT and an AP. 
The rest of the process to calculate the MT’s position, i.e. the trilateration or tracking 
algorithm, is out of the scope of this work. The reader is directed to [6, 7, 9] for illus-
trative examples of contributions describing trilateration and tracking algorithms. 
A simple method for WLAN ranging consists of measuring the received signal 
strength in the MT and relating the obtained value with the distance to the transmitter 
according to some attenuation pattern. However, this has been demonstrated to be 
impractical due to the high time-variability of the signal strength for a given distance 
and the lack of accurate signal propagation models, especially in an indoor environ-
ment [10]. A more stable alternative is to measure the Time of Arrival (TOA), which 
is the time that it takes the radio signal to travel from the transmitter (typically the MT 
to be located) to the receiver (typically an AP), and then calculate the distance by re-
lying on the fact that electromagnetic waves propagate at constant speed (c): 
d = c ·TOA . (1) 
While signal strength measurements are easily accessible from a standard WLAN 
interface, TOA measurements are not directly available, so new methods must be in-
vestigated for its provision as described below. However, TOA estimates have desir-
able properties – better accuracy and stability, less sensitive to the environment - that 
make it suitable for achieving high-performance ranging between nodes. Thus,  
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TOA-based trilateration constitutes a promising technique to reach flexible, robust and 
accurate location with WLAN. Several methods to estimate TOA in WLAN systems 
have been presented recently. Good accuracy has been reported when the hardware of 
the WLAN card is modified (i.e. hardware-based methods); however, methods that do 
not modify the hardware (i.e. software-based methods) are not accurate enough for 
most positioning applications. 
1.2   Motivation and Objective 
The goal of this contribution is to obtain a software-based solution for ranging with 
TOA in WLAN with precision close to the accuracy obtained by hardware-based 
methods. This study shows that this is feasible by taking the theoretical principles of 
existing TOA ranging proposals based on performing two-way ranging with frames of 
the IEEE 802.11 standard protocol, but designing a novel technique for its implemen-
tation from off-the-shelf WLAN terminals. The idea is to obtain the necessary metrics 
to calculate the TOA by taking the major benefits of the commercial MT’s existing 
hardware and their programming interfaces. One of the main aspects of the pursued 
solution is that avoiding hardware modifications drastically reduces the implementa-
tion cost and complexity while easing the location system deployment. 
2   Related Work 
Two classes of approaches exist to obtain the TOA between two WLAN nodes: meas-
uring the one-way trip time and measuring the Round Trip Time (RTT). In the former 
approach, the receiver determines the TOA based on its local clock, which is synchro-
nized with the clock of the transmitter. The latter, also known as two-way ranging, 
measures the time that the signal spends traveling from a transmitter to a receiver and 
back to the transmitter again. This approach avoids the need for synchronization, 
which in general entails increases in complexity and cost. On the other hand, existing 
methods can also be classified depending on the layer at which the measurements are 
taken to estimate the TOA, as explained in the following section. 
2.1   Estimating the TOA at the Physical Layer 
Measuring the TOA at the physical layer in WLAN leads to very accurate distance 
estimates, but specific and complex hardware modules are needed, which makes the 
solution impractical for portable WLAN devices. One-way trip time ranging is usually 
employed. Most proposals are based on frequency-domain measurements of the chan-
nel response with super-resolution techniques, due to their suitability for improving 
the spectral efficiency of the measurement system. Some examples are the Estimation 
of Signal Parameters via Rotational Invariance Techniques (ESPRIT), the Multiple 
Signal Classification (MUSIC) [11], the Matrix Pencil [12] or the more advanced 
Prony Algorithm [13]. Other methods are based on the correlation of the received 
IEEE 802.11 signal, such as [14], in which the received signal is correlated with a 
long-training symbol stored in the receiver and afterwards the channel frequency re-
sponse is obtained to refine the initial TOA estimation. 
210 M. Ciurana, D. López, and F. Barceló-Arroyo 
2.2   Estimating the TOA at Upper Layers 
The intention of measuring the TOA at upper layers of WLAN is to ease the feasibility 
of implementing ranging in portable WLAN devices, which takes advantage of the 
IEEE 802.11 standard protocol capabilities. The most common approach is performing 
two-way ranging (measuring the RTT) by employing exchanges of IEEE 802.11 MAC 
frames (e.g. Ready-to-send (RTS) - Clear-to-send (CTS), Data-Acknowledgement 
(ACK), or probe request - probe response) that can be induced in the MT. As an illus-
trative example, a RTT measurement with data-ACK can be expressed with the follow-
ing components: 
_ _ _
2tx data proc AP rx ACKRTT t TOA t t= + ⋅ + +  . (2) 
Fig. 2 illustrates the process. The propagation time of both frames (i.e. data and ACK) 
is assumed to be the same (i.e. the TOA); ttx_data and trx_ACK are the transmission and 
reception times at the physical layer, respectively, and tproc_AP is the time elapsed be-
tween the AP receives the data frame and the ACK is transmitted. This processing 
time in the AP is composed of the pure processing time in the AP, the Short Inter 
Frame Space (SIFS), and the time that the frame spends in the AP transmission queue 
(if the queue is not empty). 
Once the RTT is estimated, the TOA can be extracted from Eq. (2) with the follow-
ing expression: 
_ _ _
2
proc AP tx data rx ACKRTT t t tTOA
− − −
=  . (3) 
The RTT when the distance between MT and AP is zero is assumed not to contain 
propagation time, hence: 
0 _ _ _proc AP tx data rx ACKRTT t t t= + +  . (4) 
 
 
Fig. 2. Theoretical RTT measurement with IEEE 802.11 data-ACK frames 
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Then, combining Eq. (3) and (4), the TOA for a distance i different to zero can be ob-
tained as: 
0
2
i
i
RTT RTTTOA −=  , (5) 
where RTTi is the RTT for a distance i different to zero. In practice, RTT0  is obtained 
by placing the MT and the AP together and then estimating the RTT. The upcoming 
IEEE 802.11v standard [1] is going to avoid this process because the processing time 
in the AP is calculated in real time and sent back to the MT.  
It is important to accurately evaluate the RTT in the WLAN enabled node: since 
the signal propagates approximately at the speed of light, a time resolution of a few 
nanoseconds is needed to achieve accurate measurements. Currently neither the IEEE 
802.11 standard nor the existing WLAN chipsets provide timestamps with the suffi-
cient resolution in the frames; only a time base of 1 μs corresponding to the temporal 
update of the IEEE 802.11 TSF (Timing Synchronization Function) can be accessed, 
which means 300 m in terms of distance. This is why most of the existing TOA-based 
ranging approaches for WLAN providing precise time measurements, even working 
at upper layers, entail modifications of the off-the-shelf WLAN chipsets (i.e. they are 
hardware-based solutions). 
2.2.1   Hardware-Based Solutions 
Most of these hardware-based solutions try to keep the hardware changes to a mini-
mum, so that its implementation in practice is more feasible that in the case of the 
aforementioned methods working at the physical layer. The internal delay calibration 
both at transmitter and receiver is employed in [15], using the RTS-CTS frames ex-
change. In [16] an accurate time-stamp on transmission and reception is obtained by 
capturing a segment of the waveform and then performing a matched filter using the 
probe request – probe response exchange. In [9], the authors proposed connecting a 
counter module to the WLAN card and using the clock of the card as the time base for 
time-stamping the frame transmissions and receptions. The data-ACK frame exchange 
is employed; multiple RTT measurements are performed and merged over time to 
mitigate the impact of multi-path and enhance the time resolution. Ranging accuracy 
is close to 1 meter. 
2.2.2   Software-Based Solutions 
Software-only solutions have been seldom explored. A representative approach can be 
found in [17], in which RTT measurements are collected with time-stamps of 1 μs 
using tcpdump and an additional monitoring node. The problem is that the average 
ranging error after some processing is around 8 m, which means noticeably worse 
accuracy than that in hardware-based approaches. As an illustrative example of the 
lack of maturity of TOA-based ranging for WLAN, an analysis of the feasibility of 
such ranging methods was provided in [18], and the conclusion was that it did not 
work due to the limitations of current hardware and protocols. 
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3   Description of the Ranging Technique 
The ranging technique proposed in this work follows the theoretical idea of the two-
way ranging approach explained above in Section 2.2. Thus, once the RTT between 
the MT and the AP has been estimated, the TOA can be calculated with Eq. (5) (it is 
assumed that the RTT at distance zero has been previously obtained and its value is 
stored in the MT). Then, the distance between both WLAN nodes is obtained with Eq. 
(1). A RTT measurement is performed in the MT with the IEEE 802.11 data-ACK 
frame exchange. The MT sends a unicast data frame to the AP and counts the time 
until the corresponding ACK answer from the AP is received. The employed frames 
belong to the MAC layer because this is the lowest network layer accessible from the 
MT via software; the lowest possible layer is preferred in order to avoid extra delays 
due to processing between network layers. Since the main targeted characteristic of 
the technique is accurately ranging with a pure software solution, the RTT is measured 
via a software mechanism that makes use of the existing hardware of an off-the-shelf 
MT. This is the innovative aspect of the method, which differentiates it from the rest 
of the existing proposals. 
3.1   Mechanism for the RTT Measurement 
The first key feature that is exploited is the optimum time resolution that the CPU 
clock of the MT can provide as a time-base to timestamp the transmission and recep-
tion of frames to measure the RTT (a resolution of 1 ns could be achieved with a 1 
GHz CPU). This was briefly mentioned in [19]. The other mechanism that we take 
advantage of is that some current WLAN drivers can be modified and rebuilt so that 
the necessary events to obtain a RTT measurement (i.e. the transmission and reception 
of a MAC layer frame) can be accessible via software.  
The proposed mechanism to obtain the RTT is time-stamping the instant when 
the MAC data frame is transferred to the physical layer for transmission and the 
instant when the ACK frame is received at the MAC layer; then both instants are 
subtracted. The difference between the time stamps is an estimate of the RTT. Since 
hardware-based mechanisms are intentionally avoided, the adopted solution is ac-
cessing the above-mentioned events from the code of the driver that controls the 
WLAN interface. In our case, this is achieved by modifying the open-source Mad-
wifi driver for Atheros-based WLAN interfaces with a Linux operating system 
(OS). The driver’s code implements the IEEE 802.11b/g MAC protocol. The time-
stamps are performed inside the ath_rx_capture() and ath_tx_capture() functions, 
which correspond to the frame’s reception and transmission, respectively. The 
frame type and subtype can be distinguished, and thus the targeted frames (data and 
ACK) can be filtered from the others. 
It is important to notice that, although the WLAN card driver allows direct access 
to the WLAN MAC level events at the code level (see the architecture overview in 
Fig. 3), the OS of the MT interfaces with the WLAN card via hardware interruptions. 
The driver code is executed once the OS has handled the interruption and the OS 
process scheduler has allocated the CPU to execute the corresponding network inter-
ruption process. Despite the higher scheduling priority of the hardware interruptions 
with respect to most other processes, this means that a slight time delay exists for the  
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Fig. 3. Overview of the OS-IEEE 802.11 architecture 
instant between the reception of an IEEE 802.11 frame at MAC level and the moment 
that this reception is time-stamped by the OS in the driver code. In practice, this en-
tails non-negligible measurement error when measuring the RTT. Since this delay in 
the attention of the interruption is supposed to partially depend on the load in the OS, 
it is expected that it would have noticeable variability. 
The employed time-base to time-stamp the frames corresponds to the CPU clock of 
the MT because it provides very good time resolution and it is accessible from the 
code of the WLAN card driver. Theoretically, this resolution would achieve ranging 
errors below one meter. The Time Stamp Counter (TSC) is a 64-bit register that 
counts cycles of the CPU oscillator, and it has proved to be reliable to count time dif-
ferences [20]. It is stored in the EDX and EAX 32-bit registers and can be accessed by 
programmers with the rdtsc() (read TSC) function, which returns its value (the 32 
least significant bits, stored in EAX) at that specific instant in the number of clock 
cycles. The call to rdtsc() is added to the code of the WLAN driver functions before 
mentioned. Once the returned values from rdtsc() for the data frame transmission and 
the ACK frame reception are subtracted to obtain the RTT measurement in clock cy-
cles units, it is converted into time units with the CPU frequency. 
3.2   The Ranging Process  
An RTT measurement is affected by several noise sources that contribute to a positive 
bias error. This error has two primary origins. First, the RTT measurement system, 
including the WLAN interruptions’ management by the OS, the possible fluctuations  
 
           WLAN card 
User processes 
WLAN driver 
Linux Kernel 
USER LEVEL
OS LEVEL
HARDWARE LEVEL
MAC IEEE 802.11
PHY IEEE 802.11
interruption 
system call 
214 M. Ciurana, D. López, and F. Barceló-Arroyo 
of the CPU clock and the communication between the physical and MAC layer.  
Second, the propagation of the IEEE 802.11 signal through the radio-channel, which 
includes different adverse phenomena such as multi-path especially in indoor envi-
ronments. It is expected that these errors cause non-negligible time variability (i.e. 
noise) in the RTT. Experimental measurements corroborate this conjecture, as shown 
below in Section 4. A natural approach to mitigate the influence of this noise is treat-
ing RTT as a random variable. A certain number of samples (RTT measurements) are 
collected together at a certain distance, and statistical processing is performed to esti-
mate the RTT value as in [9]. Fig. 4 summarizes the complete ranging process using 
1000 RTT measurements. 
3.2.1   Statistical Processing 
As depicted in Fig. 4, the statistical processing of the RTT measurements consists of 
two steps: 1) filtering and selecting the RTT samples that belong to a certain interval 
in order to discard spurious values (i.e. outliers); 2) applying a statistical estimator 
over the selected RTT samples in order to estimate the final RTT value. 
 
 
Fig. 4. Diagram of the complete ranging process 
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3.2.1.1   Filtering. The sample filtering can be understood as windowing over the 
RTT measurement histogram. The objective is to discard spurious values that would 
make the final RTT estimate more inaccurate. The interval for selecting the RTT 
samples is defined by its amplitude and its central point. Both parameters correspond 
to statistical parameters of the obtained RTTs, so that the interval depends on the RTT 
statistical distribution. Regarding the interval amplitude, the idea is that the more scat-
tered the obtained RTT distribution, the longer the amplitude should be. Regarding 
the central point of the interval, the idea is that it is closer to the more representative 
RTT measurements. 
The statistical parameters that are tested for the interval amplitude are the observed 
standard deviation (σ) and the standard deviation at distance zero (σ0) and the parameters 
tested for the central interval point corresponds to the mode, the average (μ), the mode at 
distance zero (mode0) and the average at distance zero (μ0)). Thus, the tested sample in-
tervals are [μ-σ, μ+σ], [mode-σ, mode+σ], [μ0-σ0, μ0+σ0] and [mode0-σ0, mode0+σ0]. 
While employing an interval defined by the observed RTT parameters makes the interval 
dependant on the distance between the MT and the AP (the central point of the interval 
increases with this distance), taking an interval with distance zero parameters means that 
the interval is constant regardless of the distance. The reason to consider the latter pa-
rameters is that they allow selecting smaller RTT values than in the former case, so the 
expected RTT positive error bias could be mitigated to a major degree. 
3.2.1.2   RTT estimation. Regarding the RTT statistical estimators, the ones consid-
ered and studied in this work are the mode, the average and the estimator employed in 
[9] (μ-σ/3). Notice that these mode or average values belonging to the RTT estimation 
are different from the mode or the average values explained previously for the central 
point of the filtering interval, because the former ones are obtained once the filtering 
has been performed and are therefore supposed to be more accurate. The mode is con-
sidered because the value that occurs more often is the one that provides the best es-
timate in a process with a high number of collected samples. The average is tested 
because it takes into account the information of all the selected samples, which can be 
especially suitable given the observed time variability of the performed measure-
ments. The μ-σ/3 is also considered because it provided good ranging accuracy in [9], 
and although the RTT measurement mechanism was noticeably different from the 
current one, measurements are taken in both cases with the MAC data-ACK ex-
change. The mentioned intervals and estimators are tested with real RTT samples in 
order to select the statistical processing that provides better accuracy (see Section 4). 
Once the RTT is estimated, formula (5) is employed to estimate the TOA, and for-
mula (1) is used to obtain the distance between the MT and the AP. 
4   Experimental Results 
4.1   Test Setup 
A prototype implementing the described ranging technique has been developed and 
tested. It carries out the RTT measurements and the statistical processing to estimate 
the distance with the AP. Each RTT measurement is initiated in the prototype inducing  
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the transmission of the MAC data frame sending an ICMP echo request to the AP. 
The RTT figure is calculated in the WLAN card driver’s code as explained in  
section 3.1, and then is dumped to a file by means of the printk() function –which 
sends the data to the SO kernel– because it is not possible to use the typical functions 
from the stdio.h libraries (e.g. print, scanf) from the driver’s code. The statistical 
processing is performed by a Java program, which obtains the RTT samples from the 
aforementioned file. The hardware platform is a laptop with an Intel Centrino Pentium 
M processor 760 (CPU 2 GHz), with an Ubuntu Edgy Eft 6.10 OS. The WLAN card 
is an IEEE 802.11b/g PCMCIA Netgear WG511T with Atheros chipset compatible 
with the Madwifi driver. In order to minimize the error due to the interruption man-
agement of the OS, the load of the CPU is restricted to the essential Linux OS kernel 
components. The employed AP is a laptop configured in AP mode in order to allow 
battery autonomy in the outdoor scenario. 
Two measurements campaigns – one in an outdoor environment and the other in-
doors - are carried out in order to prove and define the RTT statistical processing and 
to test the feasibility and performance of the ranging technique. Both the MT and the 
AP are placed 1.5 m off the ground in order to preserve the Fresnel zone. Both the 
indoor and outdoor tests are performed in situations of Line-Of-Sight (LOS) between 
both nodes. The considered distances between MT and AP are 1, 4, 7, 10, 13, 16, 19, 
22 and 25 m in both scenarios. A thousand RTT measurements are carried out for each 
RTT estimate. 
According to equation (5), the RTT estimation at zero distance is used in all other 
distance estimations. Since it does not contain propagation time, it is assumed not to 
depend on the environment. Fig. 5 shows the RTT measurement histogram for zero 
distance outdoors. The x-axis corresponds to the number of CPU clock cycles and the 
y-axis to the number of each RTT measured value (i.e. the frequency). Each bar in the 
histogram represents a range of 100 clock cycles, which means 50 ns and 14.99 m in 
terms of distance. Thus, as expected, great time dispersion exists in the RTT meas-
urements due to the noise produced by the described RTT measurements system. 
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Fig. 5. RTT histogram at distance zero outdoors 
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Table 1. Ranging results outdoors with the average and the interval [mode0- desv.est.0, 
mode0+desv.est.0] 
Distance 
(m.) 1 4 7 10 13 16 19  22  25
Estimated 
(m.). 1.08 0.32 4.75 8.73 14.7 14.3 15.9  21.26  22.85
Error (m.) 0.08 -3.67 -2.24 -1.26 1.74 -1.68 -3.01  -0.73  -2.14
Error (%) 8 91 32 12.6 13.4 10.5 15.8  3.31  8.56
4.2   Outdoor Tests 
The chosen outdoor environment was an area far from buildings, so that the signal 
multi-path effect is expected to be low. Among the tested alternatives, the statistical 
processing that provides the best results consists of filtering the RTTs with the interval 
[mode0-σ0, mode0+σ0] and afterwards applying the average as the RTT estimator. This 
result corroborates the hypothesis given in section 3.2.2.1 about the major mitigation 
of the RTT positive error bias when employing a filtering interval with distance zero 
parameters. On the other hand, using this interval, 59.2% of the collected RTT sam-
ples are selected on average (considering all the tested distances). Fig. 6 depicts the 
RTT histogram at 13 m., with the filtering window darkened. Table 1 summarizes the 
obtained ranging results employing the mentioned statistical processing.  
Taking into account all the distances, the average ranging error is 1.84 m. It is cal-
culated with the following expression:  
1
_ _
N
i
i
average absolute error a N
=
=∑  , (6) 
where ai is the absolute ranging error for the distance i and N is the number of consid-
ered distances. The average relative error (ARE) is 21.68 %. It is calculated as: 
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Fig. 6. RTT histogram at 13 m outdoors 
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1
_ _
N
i
i
average relative error r N
=
=∑  , (7) 
where ri is the relative ranging error for the distance i and N is the number of consid-
ered distances. It must be observed that the ranging error does not increase with dis-
tance, which may lead to the conjecture that the measurement system errors have 
more impact than the ones due to the radio channel. This was expected because the 
signal propagation in an outdoor environment is hardly affected by multi-path. 
4.3   Indoor Tests 
Indoor tests were carried out in a corridor of the C3 building at the UPC in Barcelona 
(office environment). The estimator that provides better accuracy is again the average, 
but in this case filtering the RTT samples with the interval [μ0-σ0, μ0+σ0]. Again, the 
hypothesis given in section 3.2.2.1 is corroborated. In this case, 48.6% of the col-
lected RTT samples are selected on average. The histograms for indoor cases are 
sparser than for outdoors, and this causes the number of RTT samples to be lower. It is 
conjectured that the sparser histograms are due to the impact of multi-path. Fig. 7 
depicts the obtained RTT histogram at 13 m, with the window darkened. Table 2 
summarizes the ranging results. An average absolute error of 1.70 m and an ARE of 
37.24% are obtained. 
Table 2. Ranging results indoors with the average and the interval [average0- desv.est.0, 
average0+desv.est.0] 
Distance 
(m.) 1 4 7 10 13 16 19  22  25
Estimated 
(m.). 3.19 3.51 3.41 10.08 10.8 13.4 20.7  20.6  23.8
Error (m.) 2.19 -0.48 -3.58 0.08 2.17 2.51 1.74  -1.36  -1.15
Error (%) 219 12 51.14 0.8 16.7 15.7 9.1  6.18  4.6
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Fig. 7. RTT histogram at 13 m indoors 
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When comparing the results from both environments, we find that the ranging ac-
curacy is similar for indoors and outdoors (the average relative error is bigger for in-
doors due to the big error for 1 m), but we have to be aware that, in both environ-
ments, tests are performed under LOS situations so that the only difference between 
them is the radio-channel multi-path. On the other hand, it is also important to observe 
that the error does not show an increasing tendency with distance. These two observa-
tions lead the authors to conjecture that the impact of the measurement system errors 
is more important than the impact of the propagation environment. This fact could 
explain why the best estimator found in [9] does not provide good results for the cur-
rent technique. Considering that the RTT measurement mechanism is completely dif-
ferent in the two approaches, the related measurement noises are expected to follow 
different patterns, and thus the optimum estimators in the optimal statistical process-
ing are completely different. 
4.4   Ranging Latency 
An important parameter for some applications is the latency: the time spent for one 
single distance estimation. This time basically corresponds to the time spent perform-
ing the required RTT measurements (data-ACK exchanges); the statistical processing 
duration is negligible. Table 3 shows the latency and average absolute error of the 
distance estimate for several amounts of required measurements. 
As expected, the ranging latency is directly related to the number of RTT samples. 
It can be also observed that the ranging accuracy is also impacted by this parameter, 
mainly because a great number of samples are required to mitigate the measurement 
noise. Thus, for instance, reducing the number of samples 10 times (from 1000 to 
100) gives 10 times better latency but makes the accuracy 5 times worse. Therefore, 
there is a trade-off between the latency (and CPU workload) and accuracy that must 
be tuned depending on the specific application. 
Table 3. Ranging latency and accuracy depending on the number of RTT samples 
Number of RTTs 1000 500 300 100 
Latency (seconds) 1 0.5 0.3 0.1 
Average ranging 
error indoors (m.) 1.70 4.72 6.64 9.03 
4.5   Further Discussion 
The experimental results shown above include only a reduced number of scenarios; 
however, we are aware that tests in more hostile scenarios are necessary in order to 
address problems that would appear when moving to a real deployable indoor position-
ing system that implements the presented ranging technique. For instance, in a true 
positioning situation at least three ranges must be estimated, and it is unlikely that all 
three involved APs are all in LOS; thus, it would be desirable to test the ranging tech-
nique under Non-Line-Of-Sight (NLOS) conditions (e.g. with walls, furniture, eleva-
tors obstructing the direct path between the MT and the AP). Another issue is that MTs 
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may run more processes apart from the positioning process; therefore, it may be inter-
esting to asses the impact of the CPU load on the technique’s performance.  
On the other hand, a fact that must be taken into account is that the performance of 
the technique can suffer variations when other MTs are simultaneously injecting traf-
fic to the AP, corresponding either to data-ACK exchanges for ranging or data trans-
fers for communications over the WLAN. In that situation, collisions, retransmissions, 
busy medium detections and bigger contention periods may occur for the MTs trying 
to gain the shared medium, so that the latency and accuracy may be negatively af-
fected. This problem of scalability has been explored in [21]. Related to this, it would 
also be interesting to study how to make compatible, in a single MT, the TOA-based 
ranging method with the WLAN data communications (e.g. file transfer, web brows-
ing, video streaming), or at least to quantify the impact of that on the ranging per-
formance. All these issues should be addressed as future work stemming from the 
presented research. 
5   Conclusion and Future Work 
A novel TOA-based technique to estimate the distance between a WLAN-enabled 
device and an AP has been presented. It has been demonstrated that it is feasible to 
achieve good ranging accuracy by means of a software-only solution for standard 
WLAN devices. The ranging process begins performing several RTT measurements 
with MAC IEEE 802.11 data-ACK frames exchanges; each RTT is calculated by 
time-stamping the frame transmission and reception from the WLAN driver’s code 
while employing the CPU clock as a time-base. Since RTT measurements contain 
high time variability –mainly due to the OS WLAN interruption scheduling– a proper 
statistical processing method has been researched in order to mitigate this noise. Re-
sults obtained from measurements performed with a prototype show ranging errors 
below 2 m in indoor and outdoor environments. The results of this research can be 
applied to the design of WLAN indoor positioning systems with the accuracy of TOA-
based techniques and the simplicity and cost-effectiveness of approaches based on 
received signal strength. 
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